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CHAPTER 1.  GENERAL INTRODUCTION 
 
 
LITERATURE REVIEW/INTRODUCTION 
 
Atrazine Introduction 
 Atrazine, a triazine herbicide, is registered for the control of broadleaf and grassy 
weeds [1].  Syngenta AG, a Switzerland-based company, is responsible for the majority of 
atrazine that is manufactured and distributed in the United States [2].  Atrazine is applied 
largely in the cornbelt region of the United States and is used for inhibiting the growth of 
weeds in corn, sorghum, and other related crops [3].  The mode of action of atrazine is to 
interrupt photosynthesis of the plants which it attacks, specifically inhibiting photosystem II.  
Photosynthesis is essential to living plants as it produces sugars utilized by the plant for 
various functions.  Without these sugars, plants will stop growing, reproducing, and die [4].   
 The natural degradation of atrazine in soil is highly variable due to a multitude of soil 
properties and ambient temperatures.  Because of this, the half-life of atrazine in soil is 
reported to be anywhere from 13 to 261 days [5].  In soil, two known pathways describe 
atrazine degradation.  The first method is the dechlorination of atrazine followed by the 
removal of the other ring substituents via amidohydrolases.  The second method involves the 
dealkylation of atrazine’s two amino groups.  Cyanuric acid is the main product when both 
dealkylation and dechlorination pathways are involved.  These mechanisms have been shown 
to be functions of certain Pseudomonas species as well as many other bacteria [6].  Microbes 
in the soil are the primary degraders of atrazine.  Due to atrazine’s low water solubility, it is 
degraded more quickly in the presence of surfactants.  Atrazine typically becomes oxidized 
in the environment, limiting its potential as an energy source.  Despite this, catabolism of 
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atrazine does occur, and it is increased by the presence of carbon or nitrogen in carbon- or 
nitrogen-limited conditions, respectively.  If high concentrations of glucose are present in the 
soil, catabolism of atrazine is increased, while low glucose concentrations decrease atrazine’s 
bioavailability [7].     
Concern over atrazine use   
 As of 2001, over 74 million pounds of atrazine were applied in the United States, 
making it the second most commonly used pesticide in agriculture [8].  On a global scale, 
atrazine is one of the most commonly used herbicides, prevalent in approximately 80 
countries [9].  Despite its popularity, claims have been made against atrazine as it is thought 
to induce endocrine disruption, have possible carcinogenic effects, and shows an 
epidemiological connection to low sperm counts in men.  This alarm over atrazine has some 
researchers in the United States calling for it to be banned [10].  This alarm over atrazine 
may be well founded as there have been many reports of atrazine having a negative effect on 
aquatic organisms.  Concentrations of atrazine ranging from 1 to 10 µg/L have been shown to 
disrupt photosynthesis in phytoplankton and periphyton populations [11].  Likewise, 
photosynthesis was inhibited in algal communities exposed to 500 µg/L of atrazine [12].  It 
was also shown that exposure of Daphnia magna to concentrations of atrazine greater than 
250 µg/L resulted in a significant reduction of first-generation offspring.  In addition, aquatic 
insects such as the chironomid Labrundinia pilosella, showed a dramatic reduction in the 
number of individuals that were able to pupate successfully when exposed to concentrations 
of atrazine as low as 20 µg/L [13].  In addition to aquatic organisms, atrazine has been shown 
to affect certain mammals as well.  Chromosomal damage in hamster ovary cells, including 
deletions and amplifications, has been shown to occur in the presence of atrazine at levels of 
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3 µg/L [14].  These chromosomal abnormalities have also been observed in the bone marrow 
of mice, which may have led to birth defects and cancer.  Lymphocyte cultures of farm 
workers exposed to atrazine showed increased chromosomal abnormalities as well [15].  
Atrazine has also been suggested to trigger breast cancer by interfering with the metabolism 
of estradiol.  One of estradiol’s metabolites is 16-α-hydroxyestrone (C16), which can activate 
the estrogen receptor and promote breast cell proliferation.  When atrazine was applied to 
breast cells, it was shown to increase the amount of the C16 metabolites three- to four-fold 
when compared to control breast cells [16].   
 Due to the widespread use of atrazine in agriculture, it has become one of the most 
prevalent herbicides found in ground water and surface water in the cornbelt region, largely 
as a result of runoff [17].  As a result of concerns about possible adverse human health 
effects, the Environmental Protection Agency (EPA) has set the Maximum Contaminant 
Level (MCL) for atrazine in drinking water at 3 µg/L.  In addition to atrazine, the MCL also 
includes two chlorinated metabolites of atrazine, deethylatrazine and deisopropylatrazine.  
This means that the total of atrazine, deethylatrazine, and deisopropylatrazine in drinking 
water should be below 3 µg/L.  This number was set due to atrazine’s potential to adversely 
affect the cardiovascular and reproductive systems when consumed [18].  Although this 
MCL has been set in place, there are instances where samples from streams and from 
drinking water from lakes and rivers have exceeded the MCL for atrazine [19].  It is also well 
documented that the highest concentrations of atrazine in streams can be correlated to first 
rainfall events after application; the resulting levels of atrazine found in streams are higher 
than after subsequent rainfalls [20]. 
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Remediation Technologies  
 In a field setting where atrazine is used frequently for weed removal, it can easily 
contaminate the soil bed as well as surrounding areas including streams.  Because atrazine 
use is so wide spread, much of it occurs as nonpoint source contamination, that is, originating 
from a large area that isn’t easy to characterize as being the sole source of atrazine [21].  
Methods commonly used to remove contaminants from the environment have relied solely on 
in situ and ex situ remediation methods which are focused more on a physical or chemical 
method of removing the contaminant.  In situ methods rely mostly on physical barriers to 
isolate and contain the contaminant.  Ex situ methods are more focused on physically 
removing the contaminated medium and then administering thermal treatment, chemically 
extracting the contaminant, or encapsulating the contaminant before disposing of the medium 
in a landfill.  Generally speaking, these types of remediation strategies are very costly, and 
full-scale remediation of commercial sites have been shown to cost around $200,000 plus an 
additional $40 to $70 per cubic yard of soil that is sent to a landfill [22].  It is estimated that 2 
percent of the U.S. national gross is spent every year on these kinds of remediation projects 
(includes pollution control) [21].   
 The use of plants to remediate contaminated sites is called phytoremediation, which 
has recently emerged as a more cost-effective, less invasive, and a more publically 
acceptable way to remediate contaminated sites in the United States [23]. 
 Removing contaminants from water by utilizing plants is referred to as phytofiltration 
or rhizofiltration.  In phytofiltration, the contaminant is taken up into the plant biomass and 
thus removed from the water.  Rhizofiltration of water involves using hydroponically 
cultivated plant roots to remediate contaminants through absorption, concentration, and 
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precipitation [24].  In addition to living matter, non-living plant matter has also been shown 
to be effective in bioaccumulating contaminants from water.  This type of remediation has 
proven highly effective in remediating heavy metals from water [25].  Much research has 
gone into observing the effectiveness of plant and root biomass in remediating heavy metals 
from water.  Research has shown that by use of phytofiltration and rhizofiltration, that lead 
[26], gold (III) [27], zinc [28], cadmium (II) [29], copper [30], uranium [31], chromium (VI) 
[32], arsenic [33], and 134cesium [34] have been successfully remediated from water.  
Research has also focused on the mechanisms that are responsible for removing heavy metals 
from water using phytofiltration and rhizofiltration.  Involvement of carboxylate functional 
groups and the binding of heavy metals utilizing electrostatic and complex-formation were 
indicated as mechanisms involved in uptake by Datura innoxia.  Using Humulus lupulus in a 
phytofiltration setting showed that various heavy metal ions bound rapidly, which indicated 
that adsorption of the ions to the cell walls of the plant may be occurring.  The binding of 
cadmium(II), copper(II), chromium(III), and zinc(II) seemed to be pH-dependent which 
suggests that carboxyl groups present on the cell walls were involved in the binding of these 
metal ions [35].   
 A remediation setting where plants take up metal contaminants from soil is known as 
phytoextraction [36].  This is a great alternative to physically disposing of contaminated soil, 
as disposing of contaminated vegetation or recovery of the contaminant from the plant is 
more financially and environmentally friendly.  Plants are naturally able to take up inorganic 
compounds from soil as some of them are commonly used as essential nutrients for plants.  
The extent of contamination, bioavailability of the contaminant, and the plant’s ability to 
intercept, absorb, and accumulate these chemicals influence the success of the 
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phytoextraction [37].  Since all plants take water up through their roots, most contaminants 
move from soil and sediment through this aqueous phase by way of plant transpiration or 
diffusive transport [38].  Uptake of these contaminants into plants is controlled by various 
mechanisms of the plant and by the properties of the contaminant in the soil.  Some 
chemicals can alter the pH by releasing hydrogen ions, thus changing the electrochemical 
gradient, which then allows for transport of cations and anions.  There is also evidence that 
ion channels present in some root systems of plants can control the uptake and release of 
potassium ions [39].  Plants can use certain metals for nutrition, and if the plant is 
experiencing a metal deficiency, it can release chelating agents into the surrounding soil 
which combine with metals into complexes that are returned to the plant with metal-specific 
proteins [40].  Also, in some instances, ions that are approximately the same size and/or have 
the same charge can be brought in by identical mechanisms which results in increased metal 
uptake.  Certain plants are able to accumulate metals at concentrations greater than 0.1 
percent of their dry weight.  These plants are said have the ability to hyperaccumulate [41].  
The mechanism behind this is speculated to involve plants releasing phytochelatin proteins 
which bind with metals and can be brought into the plant [42].  The use of these plants 
however may be limited as they are typically not as adaptable for all environments, are slow 
growers or have small above-ground biomass [43].  Current research in the area of metal 
uptake by plants is focused on increasing metal availability, using biotechnology to change 
plant characteristics, and looking at other mechanisms of plant hyperaccumulation [44].   
 One of the most important aspects of remediation of organic chemicals is that the 
contaminant may be degraded in some way into smaller and usually less toxic constituents 
called metabolites.  Although most metabolites are typically less toxic, that is not always the 
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case, making the characterization of any and all metabolites essential.  Degradation of the 
contaminant can take place in the soil immediately surrounding the roots (the rhizosphere) or 
within the plant itself.  Degradation that occurs in the above-ground biomass is referred to as 
phytodegradation.  During this process, contaminants are taken up into the plant and are 
broken down into metabolites by enzymes within the plant.  Degradation that occurs within 
the rhizosphere is commonly referred to as rhizodegradation.  Rhizodegradation has been 
shown to occur in fungi [45] or bacteria [46], or by enzymes that are exuded from plants or 
surrounding microorganisms [47].  Evidence also shows that microorganisms degrading 
contaminants in the rhizosphere may be sustained by root exudates from the plant [48].       
Phytodegradation 
 The current research principally involves phytodegradation, and will be the primary 
focus of the following discussion.  Many methods have been developed in assessing the 
capacity for a plant to degrade a specific contaminant.  It may involve simply growing the 
plant in soil [49], in a hydroponic system [50], or by using plant tissue preparations [51].  In 
hydroponic studies, plants are grown in an aqueous medium with a certain concentration of 
the desired contaminant added.  By extracting the various components of the system, one can 
determine the concentration of the contaminant present in each.  While this method is useful, 
its utility is sometimes limited by the fact that a particular contaminant may not always be 
available to the plant.  Furthermore, if the contaminant binds strongly to soil, its 
bioavailablity can be significantly reduced.  To circumvent this problem, a similar method is 
used where the plant is grown not in an aqueous solution, but in sand where soil, microbes, 
and other possible contaminants (other than the one being investigated) have been 
eliminated.  Contaminants that are radioactively labeled with 14C (radiotracers) are also quite 
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useful in trying to trace the exact pathway of degradation of the contaminant [52].  If one 
desires to determine the degradation capacity of the plant alone, without the aid of microbial 
degradation, there are several options.  The contaminant may be applied foliarily to the plant, 
or physically injected.  Another way may be to set up a hydroponic system where the 
aqueous medium has been sterilized.  A way to determine passive or active uptake of a 
contaminant by a plant would be to apply the contaminant to a system where plants are alive 
and healthy, but also to a system where the plants are dead.  Passive uptake would be 
indicated if the contaminant is found in the dead plant.  If a sterile system is used, where 
microbes have been eradicated from the growing medium, any metabolite of the contaminant 
found would be a result of the metabolic activity of the plant [53, 54].  
 The degradation of contaminants in both soils and plants typically results in the 
formation of metabolites that are made via a variety of transformation pathways.  Soil 
microorganisms and plants sometimes exhibit the use of similar enzymes for the degradation 
of contaminants.  Microorganisms however will typically mineralize contaminants [55] and 
potentially use them as a source of carbon or nitrogen [56].  In the process of mineralization, 
microbes in the soil may perform hydrolysis and reduction reactions, or oxidize aromatic 
rings.  Extracellular enzymes may also be released by microbes to hydrolyze or reduce a 
contaminant before the microbe absorbs it [57, 58].  Co-metabolism presents a wider variety 
of enzymatic processes that can be administered to contaminants.  Contaminants may be 
hydrolyzed with amidases, esterases, or nitrilases; peroxidases perform oxidation reactions; 
reductive dehalogenases, glutathione, and transferases may also be involved in degrading a 
contaminant.  Enzyme activity of this type may occur within or outside the microbe [45, 55].  
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 Oxidative enzymes present in plants typically produce hydroxylated compounds.  
Then with the aid of glutathione-S-transferase or other enzymes, these compounds can be 
conjugated to sugars, amino acids, or glutathione.  The hydrolysis and oxidation reactions are 
commonly called phase I transformations.  The steps involving glutathione-S-transferases are 
referred to as phase II transformations while further processing of the contaminant may 
continue with phase III transformations [59], resulting in further conjugation, sequestering of 
the contaminant, or binding it to the plant [60]. 
Environmental Contamination 
   In the United States, there have been many recorded instances of atrazine found in 
the environment that have exceeded the MCL set by the EPA.  In 1992, levels of atrazine that 
had leached under sugarcane in Louisiana were found to be well above the MCL.  Eleven 
days after atrazine application, levels ranged from 82 to 403 µg/L [61].  In 1995, atrazine 
leaching to groundwater in the United States also led to measurements above the MCL [62].  
It was estimated in 2002, after several years of data collection in the sugarcane area, that one 
in five detections of atrazine was above the MCL [63].  With these high levels of atrazine 
occurring in the environment and knowing that atrazine can have detrimental effects on 
certain organisms, it is imperative that measures be taken to remediate atrazine from the 
environment.  Plants have been shown to be of great assistance in degrading atrazine and 
could be implemented as a cost-effective and environmentally friendly way of reducing 
levels of atrazine in the environment.   
Phytodegradation concerning atrazine 
 There have been many recorded instances where plants or soils that have come into 
contact with atrazine have been shown to facilitate its degradation.  Soil that had been 
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exposed to various plants’ rhizospheres was shown to be effective in degrading atrazine.  
Soils that had been exposed to herbicide-tolerant plant roots were capable of degrading 
mixtures of pesticides, including atrazine [64].  Rhizosphere soils from Kochia scoparia have 
been shown to induce enhanced mineralization of 14C-labeled atrazine [65], and soil exposed 
to maize plants has also been shown to accelerate mineralization of atrazine [66].  One of the 
first instances where atrazine was shown to be taken up and degraded by above-ground plant 
biomass was in poplar trees [67].  Corn [68] and soybeans [51] have also been shown to take 
up metabolites of atrazine into their above-ground biomass.  In a mass-balance study 
performed with a mixture of prairie grasses (including Panicum virgatum), both the parent 
compound atrazine and its metabolites were found in both root and above-ground tissue, 
which was 0.5% and 7% of applied atrazine, respectively [69].  In a very recent study, 
switchgrass (P. virgatum) was shown to contain degradation products of atrazine, of which 
94.3% of the applied amount were found as metabolites [70]. 
 Several cases, including the aforementioned, have given strong support for using 
switchgrass as a tool for use in a phytoremediation setting where atrazine contamination is a 
concern.  Filter strips containing switchgrass have proven to be sufficient systems that 
remove sediment, nutrients, and atrazine from agricultural runoff [71, 72].  Switchgrass is 
highly prevalent in North America; it can be found in all but four states and most of central 
and eastern Canada.  Typical tall-prairie grasses are perennial warm season grasses that have 
very extensive root systems that are greater than 30 cm in length, while switchgrass can have 
root systems as deep as 200 cm.  Native to the majority of the United States, switchgrass is 
able to tolerate a variety of soil types and pH levels.  It is also well adapted and can survive 
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various weather conditions such as extreme heat, drought, and flooding [73].  Thus, 
switchgrass is an optimal choice for use in phytoremediation settings.  
Research Interest 
 The goal of this thesis research was to determine the capacity of switchgrass to 
degrade atrazine.  The major objectives were as follows:  (1) to characterize the ability of 
above-ground leaf material of switchgrass to take up atrazine from sand, (2) to quantify the 
amount of degradation occurring in the leaf biomass, (3) to quantify the amount of 
degradation occurring in the rhizosphere, (4) and to evaluate the uptake and degradation of 
atrazine in older switchgrass plants to get a better understanding of what could be expected in 
a field remediation study.  To accomplish these objectives, atrazine was applied to soils, and 
its fate was monitored in laboratory and greenhouse phytoremediation settings.  At the end of 
the respective test periods, soil and the grass tissues were evaluated for quantification and 
identification of atrazine and three selected metabolites.          
 
THESIS ORGANIZATION 
 
 My thesis includes two chapters (chapters 2 and 3) that deal directly with research 
that was performed by myself during my graduate education at Iowa State University.  Both 
papers are written in a journal format corresponding with the guidelines set forth by 
Environmental Toxicology and Chemistry.  It is the intention of myself and my major 
professor, Joel Coats, to submit the work I have completed to this journal.  Chapter 2 focuses 
on the primary research question that I was attempting to address, and that is whether or not 
the switchgrass could, in any capacity, degrade atrazine without the aid of microbial activity 
within the soil.  The environmental toxicology lab is working on and will continue to work 
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on a field-scale project where switchgrass is being used in a phytoremediation setting on a 
farm in Missouri where atrazine is being used.  Chapter 3 is a report on a greenhouse study 
that I performed in hopes of obtaining a broad idea of things we anticipate seeing in our field 
study and to that end will help us understand the results of the field study with more clarity.  
Chapter 2 appears first, as it was the main focus of my research, and I am excited to present 
these findings.  Since chapter 3 focuses on a study that was intended to help with a larger 
project, I decided to include it second as a bridge to fill a gap between my original laboratory 
study and the field study that is currently ongoing.     
 It is also important to note that for both chapters, my major professor, Joel Coats, 
appears as a co-author.  He provided guidance during the entire research process as well as in 
preparation of the journal papers, also serving as primary editor of what I had written.  
Jennifer Anderson also appears as a co-author for chapter 3.  She helped extensively with 
method development concerning the research and thus I feel deserves credit as a co-author.   
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ABSTRACT 
 
 Atrazine is a widely used herbicide in agriculture.  Non-point source (NPS) 
contamination of groundwater and drinking water may pose a significant threat to humans, 
wildlife, and the environment.  Phytoremediation may provide a cost-effective strategy for 
reducing NPS contamination from agricultural runoff.   Previous laboratory and greenhouse 
studies have shown that switchgrass (Panicum virgatum) and other prairie grasses can 
enhance atrazine degradation in contaminated soils.  Phytoremediation is partially a result of 
microbial processes in the rhizosphere.  Degradation may also occur within the plant 
biomass; however the extent to which this occurs remains unknown for phytoremeidation of 
contaminated soils.  We hypothesize that switchgrass plants have the capacity for degrading 
atrazine.   The goal of this study was to: 1) characterize the ability of switchgrass plants to 
accumulate atrazine from soils; 2) quantify the amount of degradation occurring in the plant; 
and 3) quantify the amount of degradation occurring in the rhizosphere.  Switchgrass 
seedlings were transplanted in autoclaved and non-autoclaved sand containing 10 µg of 
atrazine per gram of sand.  Treatments were sacrificed on Days 0, 15, and 30.  Sand and plant 
tissue were extracted via mechanical shaking and tissue grinding, respectively.  The extracts 
were analyzed on a gas chromatograph equipped with a thermionic specific detector to 
determine the concentration of atrazine and metabolites in sand and plant tissues.  
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Autoclaved and non-autoclaved treatments were compared to differentiate between atrazine 
degradation occurring in the plant versus atrazine degradation occurring in the rhizosphere.  
Treatments that were autoclaved remained relatively sterile for the duration of experiment.  
This insured that any atrazine degradation occurring in vegetated and autoclaved treatments 
was the sole result of plant enzymes.  Concentrations of parent atrazine and metabolites in 
leaf tissue were not affected by the presence or absence of any microbes in the sand, as 
concentrations were statistically the same in both the non-autoclaved and autoclaved 
treatments.  In addition, this supports the leaf biomass being capable of detoxifying atrazine 
as these were metabolites present in leaf material and not in the sand or root.  The results also 
indicate that switchgrass may have possibly detoxified atrazine and exuded the metabolites 
through the roots into the sand.      
 
INTRODUCTION 
 
 Atrazine (6-chloro-N-ethyl-N-isopropyl-1,3,5-triazine-2,4-diamine) is an herbicide 
that is registered in the United States for control against broadleaf and grassy weeds within 
row crop agricultural settings [1].  Atrazine’s mode of action relies on inhibiting D-1 quinone 
binding involved in photosystem II [2].  It is possible for atrazine to be detoxified in soil, but 
it’s half-life in soil can vary from 13 to 261 days [3].  Market estimates from 2000 and 2001 
report that approximately 74 million pounds of atrazine are applied annually in the United 
States [4].  Globally, atrazine is one of the most commonly used herbicides [5].    
 Even though atrazine is a popular herbicide in the United States and globally, there is 
concern about its effects on surrounding ecosystems as well as on human health.  Atrazine 
has been shown to have a number of negative effects on aquatic organisms including 
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photosynthesis disruption in phytoplankton and algae, unsuccessful pupation in chironomids, 
and low survival rates of first generation Daphnia magna offspring [6].  Mammals including 
humans have been shown to be affected by atrazine as well.  Hamster ovaries [7], mouse 
bone marrow, and farm worker lymphocytes [8] have been shown to have chromosomal 
damage when exposed to atrazine.  Atrazine has also been linked to breast cancer, by 
interfering with the metabolism of estradiol [9].  Due to these potential detrimental effects, 
the Environmental Protection Agency (EPA) has set the Maximum Containment Level 
(MCL) for atrazine in drinking water at 3 µg/L [10].  
 Because of its widespread use, atrazine can be found in drinking water, mostly in the 
corn-belt region of the United States.  This is typically due to non-point source runoff [11, 
12].  There have been numerous instances in which the MCL for atrazine has been exceeded 
[13, 14, 15].  It is therefore essential that atrazine be remediated in the environment if 
possible.  Many full-scale remediation projects are time consuming, intrusive, and very 
costly [12, 16].  Instead of conventional technologies, it has been suggested to use plants to 
remediate atrazine contaminated sites.  This is known as phytoremediation and has been 
shown to be more cost effective, less invasive, and a more aesthetically acceptable way to 
remediate contaminants in the environment [17].  It is also important to note that 
transformation of atrazine into its metabolites can be referred to as detoxification since these 
products are thought to less toxic than the parent compound.   
 In recent years, switchgrass (Panicum virgatum) has emerged as a promising 
candidate concerning the remediation of atrazine in the environment.  Switchgrass can be 
found growing naturally in most of the United States, and it is able to grow in various soil 
types and pH levels, as well as withstand extreme weather conditions [18].  Switchgrass has 
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been used previously in phytoremediation studies concerning atrazine contamination.  A 
study using a mixture of prairie grasses including switchgrass, found that the parent 
compound atrazine and its metabolites were present in both the root and above-ground 
biomass of the plant [19].  In a similar study, switchgrass was shown to contain 
detoxification products of atrazine, 94.3% of what was applied was found as metabolites 
[20].  Metabolites of atrazine have been found in soil, the root zone, and in the leaves of 
above-ground biomass.  Despite this, it is still unclear if above-ground biomass is capable of 
detoxifying atrazine.   
 The goal of this study is to determine the capacity of switchgrass’ above-ground 
biomass to degrade atrazine by (1) characterizing the ability of above-ground leaf material of 
switchgrass to accumulate atrazine from sand, (2) quantifying the amount of detoxification 
occurring in the plant, (3) and quantifying the amount of detoxification occurring in the 
rhizosphere.  To accomplish these objectives, atrazine was applied to sand and its fate was 
monitored.  At the end of 7 days, soil and grass tissues were evaluated for identification and 
quantification of atrazine and its chlorinated metabolites (Figure 1).                           
 
MATERIALS AND METHODS 
 
Experimental setup 
 Approximately 14.4 kg of commercial sand (Lowe’s) was obtained, washed with 
water, and sifted in an effort to eliminate dust and other particulate matter.  Sand was 
completely dried using heat lamps for five days.  Thirty-six polypropylene pots (8.5 cm x 8.5 
cm x 10 cm) were each filled with 400 g of sand.  Each pot also had a hollow propylene tube 
(9.5 cm x 2.7 cm) placed vertically in the center of the pot with the sand occupying the space 
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around the tube.  Eighteen of these pots were autoclaved at 121°C for one hour once a day 
for three days.  After the autoclaving schedule, all 36 pots had a piece of plastic cling wrap 
(10 cm x 10 cm) attached to the top of the pot, covering the sand below.  Each piece of the 
plastic cling wrap was cut from the center of the square to one edge to allow for watering and 
the potential presence of switchgrass.   
Switchgrass groups 
 Three months prior to the beginning of the experiment, switchgrass seeds were grown 
in sand washed and sifted according to the procedure mentioned above.  These plants were 
watered with Hoagland’s solution [21] over the preceding three months.  A total of 54 
switchgrass plants (with roots) were extracted from the sand, and then transplanted at 3 
plants per pot into 18 pots; each group of three plants weighing approximately 3.2 g.   
Transplantation  
 To transplant groups of switchgrass, each group’s root system was dipped into a 10% 
hydrogen peroxide solution for 10 seconds and then rinsed for 10 seconds in autoclaved 
water.  The transplant group was then placed, roots first, into the hollow polypropylene tube 
of a pot.  The tube was then lifted vertically out of the pot allowing the surrounding sand to 
cover the roots under the surface.  When all transplants were made, four treatment groups 
were designated:  nine pots with autoclaved sand and three plants (AP), nine pots with 
autoclaved sand and no plants (AN), nine pots with non-autoclaved sand and 3 plants (NAP), 
and nine pots with non-autoclaved sand and no plants (NAN).  Figure 2 provides a graphical 
representation of the experimental setup. 
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Conditions and timeframe   
 All four treatment groups were kept in an environmental chamber for a total of 10 
days on a 16 h light: 8 h dark schedule at 27°C/day and 22°C/night.  On Day -3, plant groups 
were transplanted and all pots were watered with an autoclaved Hoagland’s solution to the 
field capacity of the sand.  Field capacity was determined prior to the experiment using 
percolation tubes [22].  On Day 0, 10 µg of atrazine per gram of sand was applied to all pots 
in all treatments.  The concentration of atrazine was added to each pot based on the weight of 
the sand.  The spiking solution was made by mixing 24.5 mL of water with 0.5 mL of a 8000 
µg/mL atrazine solution (in acetone) which made the final concentration of atrazine in each 
pot 10 µg of chemical per gram of sand.  Three pots from each treatment were sacrificed on 
Day 0 (after atrazine application), Day 3, and Day 7.  Plants were watered with autoclaved 
water on Days 0, 2, 4, and 6.  Field capacity was maintained by weighing each pot as it was 
watered.   
Colony-forming unit analysis 
 On each day of extraction, the entire amount of sand from each of three pots from 
each treatment was placed in an autoclaved mason jar and mechanically shaken horizontally 
at 300 rpm’s for 20 minutes.  From each of the 12 mason jars, three one-gram samples were 
taken and placed in autoclaved plastic vials with caps.  Each one-gram sample was then 
placed in a French square bottle containing 99 mL of an autoclaved phosphate buffer solution 
(0.5 M KH2PO4, 0.5 M K2HPO4, pH 7.1), making a 10-2 dilution of the sand.  This mixture 
was then horizontally mechanically shaken at 300 rpm’s for 20 minutes.  Next, 0.1 µL of 
each solution was placed in a petri dish containing tryptic soy agar and spread with an L-
shaped spreader.  Petri dishes were sealed using paraffin film and kept in an incubator with 
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no light at 28°C for 72 hours.  Colony-forming units (CFU) were then counted from each 
plate.   
Extraction of switchgrass material 
 On each extraction day, six plant groups were cut off at the level of the sand surface 
for their respective vegetated treatment group.  Above-ground switchgrass biomass from 
each group was collected into a one-gram sample.  Roots that had been teased out of the sand 
were collected in 0.1 g samples.  Each sample of switchgrass biomass was rinsed with water 
and cut into pieces that were approximately one-half inch in length.  The sample was then 
placed in a glass homogenizer with approximately 10 mL of ethyl acetate.  Each extract was 
then homogenized with a Teflon®-tipped homogenizer, using a drill press, for three minutes.  
The solvent was decanted off through a filter containing 15 g of anhydrous granular sodium 
sulfate to absorb any water contained in the sample.  The above procedure was repeated for a 
total of three times for all switchgrass biomass samples.   
Extraction of sand 
 After three one-gram samples were taken from each of three pots from each treatment 
group, 20 g of sand was collected and placed in a French square bottle.  Each French square 
bottle had 60 mL of ethyl acetate added to it and mechanically shaken horizontally at 300 
rpm’s for 20 minutes.  The excess ethyl acetate was decanted off into a paper filter with 15 g 
of anhydrous granular sodium sulfate.  This procedure was repeated for a total of three times.   
Concentration of switchgrass and sand samples 
 All solvent extractions were then placed in a N-evaporator.  Samples were dried down 
with nitrogen to a total of 1 mL.  The extract was then pipetted into a syringe with a 0.45-µm 
micropore filter attached.  The tube originally containing the solvent extract was 
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subsequently rinsed with ethyl acetate, and the rinse was also placed into the syringe.  The 
extract was passed through the filter into a volumetric to a total of 5 mL.  A 2-mL volume of 
this was then pipetted into a gas chromatograph (GC) vial, and kept at -20°C until analysis. 
Analysis for atrazine and metabolites 
 Extracts for all samples were analyzed on a Varian 3400 GC equipped with a Varian 
8100 auto sampler and a thermionic specific detector (TSD).  The column was a DB5 (5% 
phenyl-methylpolysiloxane nonpolar stationary phase), 0.25 µm film thickness, 30 m in 
length, 0.25 mm ID (J&W Scientific).  GC operating conditions were as follows:  oven 
parameters, 80°C held for 2 min, increased 8°C/min to 190°C held for 4 min, increased 
6.5°C/min to 230°C held for 0.25 min; inlet, splitless mode, 220°C; carrier gas, ultrahigh 
purity helium, flow 30 mL/min; detector, 300°C, hydrogen flow 4.25 mL/min, air flow 175 
mL/min.  The retention times for the ethyl acetate solvent, didealkylatrazine (DDA), 
deisopropylatrazine (DIA), deethylatrazine (DEA), and atrazine (ATR) were 2.92, 18.78, 
20.23, 20.73, and 22.43 minutes, respectively.  Peak areas were integrated using Peak 
Simple® [23].   
Statistical analysis 
 All reported statistical differences were assessed using paired t-tests (two-sided) and 
compared concentrations of various treatments within each day.  Statistical differences were 
also made between the number of CFU’s between autoclaved and non-autoclaved treatments.  
This comparison of CFU numbers was made within Days.  Means are expressed with 
standard error.  Each test performed utilized 3 degrees of freedom (9 degrees of freedom for 
CFU’s) and tested the null hypothesis that the difference between treatments was equal to 
zero.  Statistical calculations were performed using SAS [24]. 
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RESULTS 
 
Colony-forming units 
 Colony-forming units (CFU’s) were plated out from each sample to ensure that 
sterility had been achieved in autoclaved treatments.  Each day that samples were extracted, 
the sand of nine pots from each treatment group was assessed for sterility based on the 
number of CFU’s that were produced.  Over the course of the 7-day study, sterility of 
autoclaved treatments was achieved.  On each extraction day, treatments containing 
autoclaved sand were shown to have significantly fewer CFU’s when compared to their 
respective non-autoclaved counterparts.  Even after 7 days, autoclaved sand treatments 
remained virtually sterile as indicated by the amount of CFU’s:  Autoclaved treatments with 
no plants (AN) and 3 plants (AP) had 0.89±0.56 and 3.56±2.25 CFU’s respectively, whereas 
non-autoclaved treatments with no plants (NAN) and 3 plants (NAP) had 449±47 and 
561±59, respectively.  It is also important to note that each pot containing switchgrass had 
more CFU’s present on each extraction day when compared to its non-vegetated counterpart.  
Table 1 details the amount of CFU’s for each treatment on each extraction day, and Figure 3 
shows a comparison between all treatments over all three extraction days.     
Sand residues 
 Levels of atrazine in the sand over the 7-day period followed a predictable pattern.  
On Day 0, levels of atrazine in all four treatments were found to be at or just under 10 µg/g 
of sand and not statistically different from one another.  Based on an average of all four 
treatments, the percentage recovery of atrazine from sand using the described method above 
was 99.0%.   
28 
 
 On Day 3, the levels of atrazine in AN did not change significantly.  Levels of 
atrazine were reduced to 7.02±0.26 µg/g of sand in NAN.  AP levels of atrazine were 
reduced to 6.04±0.14 µg/g of sand.  Finally, levels of atrazine in NAP were recorded to be 
4.25±0.16 µg/g of sand. 
 Day 7 of the experiment showed that levels of atrazine in NAP had been reduced 
below detection.  AN atrazine levels were 6.37±0.10 µg/g of sand; NAN atrazine levels were 
2.59±0.05 µg/g of sand; and AP atrazine levels were 1.04±0.05 µg/g of sand.  Table 2 
summarizes the recorded levels of atrazine found in sand over the course of the experiment.   
 The levels of atrazine observed in the sand of all four treatments followed a 
predictable pattern of decline due to metabolism.  Over the 7-day experiment, AN showed 
the least amount of atrazine detoxification.  This makes sense as shown by the CFU analysis, 
as there were few microbes available in the sand to degrade atrazine.  Also, since there were 
no plants present in these treatments, no plant enzymes could contribute to the detoxification 
of atrazine either.  NAN showed the next least amount of atrazine detoxification overall as 
only sand microbes were available to degrade atrazine.  Plant enzymes present in AP were 
solely responsible for atrazine in this treatment to be detoxified, which were the second 
highest.  Lastly, NAP, with both sand microbes and plant enzymes present, showed the 
highest amount of atrazine detoxification, with no atrazine present at the end of 7 days 
(Figure 4).    
 Atrazine and metabolite concentrations in all four treatments were compared against 
one another to obtain information on the possible influence of soil and rhizosphere microbes.  
Table 2 summarizes recorded levels of atrazine and metabolites in sand of all four treatments.  
When comparing AP and NAP, a few differences stand out.  On Day 7 in NAP, no ATR or 
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DEA is detectable, while both are present in AP.  While the concentration of atrazine in AP 
is not statistically different from 0, the concentration of DEA however, is significant (Figure 
5). 
 Investigation of the role of soil microbes in atrazine detoxification was made by 
comparing AN and NAN.  On Day 3 in NAN, the concentration of DDA reached 2.98±1.52 
µg/g.  No DDA was found in AN, and the concentration of atrazine was significantly less in 
NAN.  By Day 7, concentrations of all metabolites were not shown to be statistically 
different from one another.  Atrazine concentrations however, were significantly lower in 
NAN than in AN (Figure 6). 
 To investigate the influence of primarily rhizosphere enzymes on atrazine 
detoxification in the sand, comparisons were made between parent and metabolite 
concentrations of AP and AN.  On Day 3, the concentrations of atrazine in AP and AN were 
6.04±0.14 µg/g and 10.0±0.23 µg/g, respectively.  These concentrations were found to be 
statistically different.  On Day 7, only DIA was found to be statistically similar.  
Concentrations of both ATR and DDA were significantly less in AP than in AN.  The 
concentration of DEA however was found to be significantly more in AP than AN (Figure 7).   
 The influence of innate soil microorganisms and enzymes in the rhizosphere was 
investigated by comparing NAP and NAN.  No significant influence of rhizosphere enzymes 
and microbes was seen on Days 0 and 3.  By Day 7, no significant difference could be seen 
in the concentrations of the metabolites.  The concentration of atrazine in NAN, 2.59±0.05 
µg/g, however, was significantly higher than in NAP, where no atrazine could be detected 
(Figure 8).     
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Plant biomass residues 
 Concerning plant biomass, only two of the four treatment groups contained 
switchgrass.  Comparing autoclaved vs. non-autoclaved vegetated treatments, no significant 
differences were seen between treatments concerning the concentration of atrazine or 
metabolites found in both root and leaf tissue (Figures 9 and 10).  Concentrations of atrazine 
and metabolites are reported as averaged percentages of the entire amount of atrazine and 
metabolites found in both root and leaf tissue of both treatments.  Table 3 summarizes 
recorded levels of atrazine and metabolites in root and leaf tissue in the two vegetated 
treatment groups.   
 
DISCUSSION 
 
Colony-forming units  
 The first underlying reason for using sand in this experiment was that sand has an 
inherently low amount of microbes present.  This is evidenced from the fact that sand has a 
higher bulk density than silt or clay.  This results in sand having less total pore space, a lower 
amount of surface area, and a much lower cation exchange capacity, resulting in microbial 
communities being less attracted and more hindered by their physical size to be present in 
sand [25].  The second reason is that since sand has an inherently low microbial population, it 
would therefore be easier to decimate any microbes that were present by utilizing an 
autoclave.  Won et al. [26] reports that autoclaving sand for 1 h at 110°C results in no 
detectable numbers of heterotrophic microbes. 
 Over the course of our study, autoclaved treatments of sand were shown to have a 
very limited microbial population when compared to non-autoclaved treatments.  This was 
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essential to the main objective of the experiment concerning whether switchgrass in a 
phytoremediation system has the capacity to degrade atrazine on its own without the aid of 
microbes in the soil.  Essentially, detoxification of atrazine could be attributed solely to plant 
enzymatic activity in treatments where no microbial populations of sand were present.  It 
must be noted that even though the tryptic soy agar (TSA) used in this experiment is a 
general growth medium on which most microorganisms will grow, it may not grow every 
microbe present in a soil sample [27].  Despite this, microbes that are known to degrade 
atrazine have been shown to be maintained on TSA [28, 29, 30]. 
Residues in sand 
 The amount of atrazine found in the sand in each of the 4 treatment groups proved to 
be distinct and gave insight into different microbial communities’ influence on degrading 
atrazine.  NAP showed to be most proficient in degrading atrazine with both the plant and the 
sand microbes present.  AP, with only the influence of plants, showed to be the second most 
capable of degrading atrazine.  With only the presence of microbes in the sand, NAN was 
less capable of degrading atrazine.  Not surprisingly, the least amount of atrazine 
detoxification occurred in AN where there was no influence of any biotic system (plants 
and/or microbes).  The detoxification of atrazine has been observed to be not only a 
biological process of microbial activity but also can be attributed to chemical processes in 
soils [31].  This is the most plausible explanation for detoxification of atrazine that occurred 
in AN where there were no microbes present. 
 DEA was found in sand of AP on Day 7 of the experiment.  Looking at NAP, 
however, it is noted that there is neither DEA nor ATR found in sand by the end of the 
experiment.  This seems to indicate that with the presence of both plant enzymes and sand 
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microbes, ATR is broken down more quickly and results in metabolites that require further 
processing than the single dealkylation reaction required to form DEA.  It has been well 
established in literature that the presence of vegetation is able to significantly increase the 
detoxification of contaminants.  This is evidenced in a study looking on the mass balance of 
metolachlor in a phytoremediation setting [32].  That study showed evidence of plants and 
soil microbes/enzymes contributing to more detoxification of metolachlor, where 16.2% of 
the originally applied metolachlor was found in vegetated systems compared to 25.3% 
remaining in unvegetated systems.  Concentrations of DDA and DIA in the sand however 
remain similar in both treatments suggesting that ATR was detoxified beyond these 
metabolites into a compound that did not contain chlorine, such as deethylhydroxyatrazine, 
and thus was not of concern in this study.           
 Comparing AN against NAN, the non-autoclaved treatment was shown to have 
significantly less ATR, a significant concentration of DDA, and no other metabolites on Day 
3.  On the same day, AN showed the formation of no metabolites and the same concentration 
of ATR that was originally applied.  This may be evidence that the microbes that were in the 
sand preferred two sequential dealkylation reactions as opposed to just one.  Quick 
conversion of atrazine to DDA in soil has been hypothesized to occur in previous literature.  
According to study by Mills et al. 1994 [33], there is a preferential removal of ATR’s ethyl 
side chains in soils as opposed to removal of the isopropyl group.  They went on to 
hypothesize that these deethylation reactions proceeded at two to three times the speed of 
deisopropylation reactions.  Subsequently, they predicted that production of DIA may be 
slow, but its conversion to DDA could be much quicker.  This rapid removal of both side 
chains has also been shown to occur when atrazine is exposed for a soil bacterium, 
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Agrobacterium radiobacter J14a [28].  By Day 7 however, concentrations of the three 
metabolites had reached similar levels in both AN and NAN.  Even though there was 
significantly more ATR present in AN, the formation of statistically similar levels of 
metabolites suggests that chemical detoxification may be as effective as microbial 
detoxification.  Evidence on the influence of chemical and microbial detoxification of 
atrazine is highly prevalent in literature.  Instances where chemical detoxification dominated 
[34, 35], as well as instances where microbial detoxification dominated [36, 37] have both 
been reported.  Thus, it is fully plausible that atrazine was efficiently degraded under the 
influence of chemical detoxification in our study.          
 To assess the influence of plant enzymes on the detoxification of atrazine in sand, AP 
and AN were compared.  By the end of the study, both ATR and DDA concentrations were 
significantly more in AN than AP.  Concentrations of DEA however were significantly more 
in AP than AN.  Concentrations of DIA were similar in both treatments.  While ATR was 
less detoxified in AN, the fact that the majority of the detoxification product found was DDA 
suggests that chemical detoxification can result in two sequential dealkylation reactions.  
Plant enzymes present in the sand however seem to prefer removing the ethyl group of 
atrazine, as the majority of metabolites found were DEA which would be the result of only 
one dealkylation.  Similar findings have been reported in the past where it was observed that 
freshly cut foliar tissue from poplar trees degrading atrazine resulted in forming nine times 
more DEA than DIA [38].  Another possible explanation for the presence of DEA in the sand 
of AP could be that the plant is taking up ATR, degrading it, and subsequently exuding or 
passively releasing DEA back into sand.  To our knowledge, there is no documented 
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evidence of this phenomena, and further studies would be required to address whether this is 
occurring or not.        
 To see if the addition of plant enzymes and rhizosphere microbes further enhanced 
atrazine detoxification in the sand, NAP and NAN were compared.  Over the course of the 
experiment, levels of ATR and all metabolites remained relatively the same.  The only 
instance of a difference is seen on Day 7 where the concentration of atrazine is significantly 
greater in NAN than that of ATR in NAP.  Because of the significant decrease of ATR in 
NAP, it seems that vegetation has the ability to significantly increase the detoxification of 
atrazine.  As mentioned previously, this was also observed in a study concerning the 
detoxification of metolachlor [32].  Even though the concentration of ATR by Day 7 is 
higher in NAN, concentrations of metabolites are not significantly different between the 
treatments.  This may be another indication of an instance where ATR was detoxified beyond 
the chlorinated metabolites, e.g., hydroxyatrazine, and a distinctive pattern cannot be 
elucidated as these metabolites were not of concern in this study.       
Residues in root material 
 A few noticeable things stand out when assessing the concentration of atrazine in root 
material.  On Day 0, immediately after application, small amounts of atrazine were observed 
in root material; there were only a few hours between application of atrazine and the 
extraction of the roots, and it appears that atrazine may have simply adsorbed to the surface 
of the roots and wasn’t necessarily taken up by the root at this time.  However, there is still 
the possibility that roots had taken up this amount of atrazine even in a short period of time.  
Previous experiments have shown that corn, soybean, and cotton plants were able to take up 
atrazine into their foliar tissue within seven hours of application [39].  Since surface-applied 
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atrazine is typically taken up into plants via an aqueous phase through the roots, it is feasible 
that atrazine was absorbed into root material only after a short period of time.  By the end of 
the experiment, ATR, DEA, and DDA were all found to be present in root material, but none 
was significantly more or less when AP and NAP were compared.  This indicates that roots 
are not influenced by the presence or absence of microbes in the sand concerning their ability 
to degrade atrazine.  Also of interest is that in all days of extraction, there is no DIA seen in 
either of the treatments.  This could suggest that detoxification of atrazine in the root occurs 
via removal of the ethyl group from atrazine first before removal of the isopropyl group.  
Roots of mature and immature pea plants were shown to be able to degrade atrazine, with the 
primary metabolite being DEA [40, 41].  This incidence gives further evidence supporting 
that plant roots may preferentially form DEA over DIA.        
Residues in leaf material 
 On Day 0, both vegetated treatments showed no parent or metabolite in the leaf 
material.  By Day 3, concentrations of ATR, DEA, and DDA could be seen.  Again, this is 
evidence that plant enzymes prefer to remove the ethyl group from atrazine prior to the 
subsequent dealkylation required to form DDA.  (See above).  It is important to note that the 
concentrations in both treatments were statistically similar.  On Day 7, concentrations of 
ATR and all metabolites including DIA could be seen.  Again, concentrations for both 
treatments were not statistically different.   
 The fact that the concentrations of ATR and all metabolites were found to be 
statistically similar throughout the experiment suggests that plants’ ability to degrade atrazine 
is not influenced by the presence or absence of sand microbes.  The fact that metabolites are 
seen in leaf tissue in treatments that had no influence of microbes in the sand suggests that 
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switchgrass plants are fully capable of taking up atrazine and degrading it on their own.  
There is a wide array of literature that reports the detoxification of atrazine as solely the 
result of plant enzymatic activity.  Plants capable of degrading atrazine include pea plants, 
corn, soybeans, cotton, and poplar trees [38, 39, 40, 41].  In this experiment the switchgrass 
plants are not simply taking up metabolites from the sand that are the result of chemical or 
biological reactions in the sand.  In fact, in treatments where sand microbes had been 
eradicated there was only atrazine found in the sand on Day 3.  Therefore, metabolites found 
in the leaf on Day 3 cannot be attributed to chemical reactions or rhizosphere microbes but 
due to plant enzymes degrading atrazine.  It is unclear if plant enzymes are capable of 
removing the isopropyl group from atrazine as levels of DIA in the sand of vegetated 
treatments were statistically similar and could have simply been taken up by the plant. 
 It must be noted that detoxification of ATR to another metabolite, hydroxyatrazine 
(HYA), also has the potential to occur.  This metabolite forms when the chlorine of atrazine 
is replaced by a hydroxyl group and has been observed in many other experiments where the 
detoxification of atrazine has been studied [19, 20, 38].  This experiment however, was 
concerned with chlorinated metabolites of atrazine, and thus the presence of HYA was not 
determined.        
Conclusions 
 It is clear from the data presented above that switchgrass is fully capable of taking up 
and detoxifying atrazine.  Evidence has also been presented to suggest that atrazine can be 
detoxified not only by microbial reactions but by chemical reactions as well.  These results 
also suggest sand microbes as well as the chemical reactions taking place therein prefer to 
degrade atrazine by way of two dealkylation reactions followed quickly after one another.  
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The concentrations in both the root and leaf suggest that the enzymes present there prefer to 
break atrazine down by way of removing the ethyl group first.           
 To our knowledge, this is the first laboratory study examining specifically the 
atrazine-detoxification capacity of switchgrass itself.  We feel that the results here further 
support the use of switchgrass to remediate soils the United States where atrazine 
contamination is of concern.  Further studies are required to determine the preferred method 
of detoxification of leaf, root, and soil microbes.  Even though this study has shown that 
switchgrass is capable of removing and metabolizing atrazine, full-scale field studies are 
required to determine if the same results will be exhibited in the actual environment.  The use 
of switchgrass in buffer strips, grass waterways, and on terraces in fields of corn, sorghum, or 
sugarcane may be feasible for in-field phytoremediation.  In addition, further studies 
examining switchgrass’ potential ability to exude or diffuse detoxified contaminants through 
its roots back into its growing medium are required to see if this actually occurs.  Currently, 
our laboratory is performing experiments in an effort to address this interesting question.      
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Figure 2.  Graphical representation of the experimental setup.  Boxed treatments indicate 
days that they were sacrificed for extraction of atrazine and chlorinated metabolites.   
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Figure 3.  Levels of colony-forming units (CFU’s) from all four treatments from each day of 
extraction.   
*Indicates statistically significant difference between numbers of CFU’s within each Day.   
Day 0 p-value: <0.0001  
Day 3 p-value: <0.0001  
Day 7 p-value: <0.0001   
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Figure 4.  Concentration of atrazine (in µg/g of sand) based on the dry weight of sand from 
all four treatments over the course of the experiment.  Different letters signify a significant 
difference between concentrations within each Day.   
Day 0 p-value:  0.8380  
Day 3 p-value:  <0.0001 
Day 7 p-value:  <0.0001 
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Figure 5.  Concentration of atrazine and metabolites (in µg/g of sand) based on the dry 
weight of sand in vegetated treatments.  Different letters signify a significant difference 
between concentrations within each Day. 
Day 0 p-value: <0.0001 
Day 3 p-value: <0.0001 
Day 7 p-value:  0.0279 
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Figure 6.  Concentration of atrazine and metabolites (in µg/g of sand) based on the dry 
weight of sand in non-vegetated treatments.  Different letters signify a significant difference 
between concentrations within each Day. 
Day 0 p-value: <0.0001  
Day 3 p-value: <0.0001  
Day 7 p-value: <0.0001   
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Figure 7.  Concentration of atrazine and metabolites (in µg/g of sand) based on the dry 
weight of sand in autoclaved treatments.  Different letters signify a significant difference 
between concentrations within each Day. 
Day 0 p-value: <0.0001  
Day 3 p-value: <0.0001  
Day 7 p-value: <0.0001 
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Figure 8.  Concentration of atrazine and metabolites (in µg/g of sand) based on the dry 
weight of sand in non-autoclaved treatments.  Different letters signify a significant difference 
between concentrations within each Day. 
Day 0 p-value: <0.0001  
Day 3 p-value: 0.0003  
Day 7 p-value: 0.0213 
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Figure 9.  Concentration of atrazine and metabolites (in µg/g of root material) based on the 
dry weight of root material in vegetated treatments.  Different letters signify a significant 
difference between concentrations within each Day. 
Day 0 p-value: <0.0001 
Day 3 p-value: 0.0203 
Day 7 p-value: <0.0001 
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Figure 10.  Concentration of atrazine and metabolites (in µg/g of leaf material) based on the 
dry weight of above-ground leaf biomass in vegetated treatments.  Different letters signify a 
significant difference between concentrations within each Day. 
Day 3 p-value: 0.4039 
Day 7 p-value: 0.5484 
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TABLES 
 
Table 1.  Number of colony-forming units from all four treatments from each day of 
extraction. 
 
Number of colony-forming units ± sea 
Day 0 Day 3 Day 7 
AN 0.67 ± 0.29 2.78 ± 0.91 0.889 ± 0.564 
AP 2.67 ± 1.16 11.1 ± 3.64 3.56 ± 2.26 
NAN 339 ± 42.4 637 ± 91.1 449 ± 47.4 
NAP 424 ± 53.0 797 ± 114 562 ± 59.2 
aAbbreviation:  se = standard error 
ANAutoclaved treatments with no plants 
APAutoclaved treatments with 3 plants 
NANNon-autoclaved treatments with no plants 
NAPNon-autoclaved treatments with 3 plants 
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Table 2.  Levels of atrazine and metabolites in µg/g of sand in all four treatments  
 
 
Concentration (µg/g equivalents)a of atrazine in sand ± seb 
Atrazine DEA DIA DDA 
D
ay 0
 
AN 10.0 ± 0.16 nd nd nd 
AP 9.78 ± 0.35 nd nd nd 
NAN 10.0 ± 0.23 nd nd nd 
NAP 9.81 ± 0.06 nd nd nd 
D
ay 3
 
AN 10.0 ± 0.23 nd nd nd 
AP 6.04 ± 0.14 nd nd nd 
NAN 7.02 ± 0.26 nd nd 2.98 ± 1.52 
NAP 4.25 ± 0.16 nd nd 2.11 ± 2.11 
D
ay 7
 
AN 6.37 ± 0.10 nd 0.85 ± 0.49  2.78 ± 0.02 
AP 1.04 ± 0.05 2.95 ± 0.05 0.93 ± 0.54 1.45 ± 0.84 
NAN 2.59 ± 0.05 0.95 ± 0.95 0.68 ± 0.68  2.80 ± 0.03 
NAP nd nd 1.02 ± 0.69 2.00 ± 1.00 
aµg/g equivalents based on dry wt. of sand 
bAbbreviation:  se = standard error.  
ANAutoclaved treatments with no plants 
APAutoclaved treatments with 3 plants 
NANNon-autoclaved treatments with no plants 
NAPNon-autoclaved treatments with 3 plants 
DEADeethylatrazine 
DIADeisopropylatrazine 
DDADidealkylatrazine  
ndNon-detectable concentration 
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Table 3.  Percentages of the entire amount of atrazine and metabolites found in root and leaf 
tissue of both treatments.   
 
 
Percentage 
Atrazine DEA DIA DDA 
D
ay 0
 
AP 0 % 0 % 0 % 0 % 
NAP 0 % 0 % 0 % 0 % 
D
ay 3
 
AP 3.54 % 29.3 % 0 % 67.2 % 
NAP 7.55 % 48.1 % 0 % 44.3 % 
D
ay 7 
AP 1.39 % 23.6 % 29.2 % 45.8 % 
NAP 2.93 % 37.0 % 22.6 % 37.5 % 
APAutoclaved treatments with 3 plants 
NAPNon-autoclaved treatments with 3 plants 
DEADeethylatrazine 
DIADeisopropylatrazine 
DDADidealkylatrazine 
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ABSTRACT      
     
 Widespread use of the herbicide atrazine in row crop agriculture has contributed to 
the decline of surface water and groundwater quality throughout the Midwest, largely as a 
result of non-point source contamination from agricultural runoff.  Agricultural management 
strategies are needed to reduce non-point source contamination from runoff.  Plant-based 
technologies using switchgrass (Panicum virgatum) and other native grasses have proven to 
be effective at removing atrazine from soils in laboratory and greenhouse studies.  
Additionally, switchgrass filter strips have been shown to slow runoff in an agricultural field 
study.  While the potential for switchgrass buffers to help restore watersheds compromised 
by agricultural runoff exists, questions remain about the mechanisms driving the uptake, 
degradation, and biotransformation of atrazine by switchgrass.  The goal of this study is to 
characterize:  1) the uptake of atrazine into above-ground switchgrass biomass; and 2) the 
degradation and transformation of atrazine over time.  Twenty-seven soil columns (76 cm x 
20 cm) were constructed using soil from an agricultural field in Clarke County, Iowa.  
Switchgrass seeds were planted in the fall of 2006.  Switchgrass plants were allowed to 
senesce overwinter, and were grown under greenhouse conditions for 30 months prior to 
atrazine application.  On Days 0, 3, and 6, artificially-created agricultural runoff containing 
1.3 µg of atrazine per gram of soil was applied topically to each column.  Three soil columns 
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were sacrificed multiple times over the course of the 21-day experiment.  Two soil samples 
and one foliar sample was taken from each column.  The concentration of atrazine and 
chlorinated metabolites were monitored for each extractable medium by GC-TSD.  Levels of 
atrazine in both soil and plant material were detectable throughout the experiment but were 
not detected after 21 days.  Levels of DEA in the soil reached significant concentrations by 
Day 8 and levels of DDA were found to be significant in leaf material by Day 7.  Switchgrass 
plants appeared to display a threshold in regards to the amount of atrazine that they were able 
to take up as levels of atrazine in leaf material peaked by Day 4 with one simulated runoff 
event remaining.   
                                                                                                              
INTRODUCTION 
 
 Atrazine (6-chloro-N-ethyl-N-isopropyl-1,3,5-triazine-2,4-diamine) is heavily used in 
row crop agriculture for the control of broadleaf and grassy weeds [1].  Atrazine works by 
inhibiting D-1 quinone binding involved in photosystem II [2].  In the environment, atrazine 
can be detoxified in soil, yet its half-life can vary from 13 to 261 days [3].  As of 2001, 
approximately 74 million pounds of atrazine were applied annually in the United States [4], 
and atrazine is one of the most commonly used herbicides worldwide [5]. 
 Although extensively used in the United States and the rest of the world, recent 
studies have caused concern about atrazine’s effects on the surrounding ecosystems as well 
as on human health.  Atrazine has been shown to have a number of negative effects on 
aquatic organisms.  These effects include low survival rates of first-generation Daphnia 
magna offspring, photosynthesis disruption in phytoplankton and algae, and unsuccessful 
pupation in chironomid midge larvae [6].  Detrimental effects of atrazine have also been 
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observed in land-dwelling organisms, including humans.  Chromosomal damage has been 
observed in hamster ovaries [7], mouse bone marrow, and farm-worker lymphocytes [8] 
when exposed to atrazine.  Atrazine has also been shown to interfere with estradiol 
metabolism, linking it to breast cancer [9].  The Environmental Protection Agency (EPA), 
because of atrazine’s potential detrimental effects, has set its Maximum Contaminant Level 
(MCL) for drinking water at 3 µg/L [10].   
 Non-point source runoff from multiple agricultural fields has resulted in ground and 
surface water becoming contaminated with atrazine.  This typically occurs in the corn-belt 
region of the United States [11, 12].  It has been recorded on many occasions that levels of 
atrazine have exceeded the MCL in local waterways surrounding agricultural settings [13, 14, 
15].  Because of this, it is imperative that atrazine be remediated in some capacity.  Full scale 
remediation technologies are not optimal as they can be intrusive, time consuming, and very 
costly [12, 16].  A more cost-effective, less invasive, and a more publically acceptable way to 
remediate atrazine is through phytoremediation [17].  In these situations, atrazine is 
transformed into metabolites that are thought to be less toxic.  In this sense, the conversion of 
atrazine into its metabolites can be referred to as detoxification.   
 Switchgrass (Panicum virgatum) has recently been shown to be effective in 
remediating atrazine from the environment.  Extreme weather conditions, pH levels, and 
various soil types are not concerns for switchgrass as it can be found growing naturally in 
most of the United States [18].  Recent phytoremediation studies have used switchgrass to 
access its ability to degrade atrazine.  Mixtures of prairie grasses, including switchgrass, were 
found to be able to take up the parent compound atrazine and its metabolites and were found 
both in the root and above-ground plant biomass [19].  Similar studies have shown that 
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switchgrass is effective in containing detoxification products of atrazine; 94.3% of the 
atrazine applied in one study were found as metabolites [20].  In preparation for a large-scale 
phytoremediation study using switchgrass to remediate atrazine in an agricultural setting, it is 
imperative that preliminary studies be conducted to anticipate forthcoming results from the 
field. 
 The goal of this study was to characterize the uptake, degradation, and fate of atrazine 
and possible metabolites in a phytoremediation setting similar to one that would be used in 
the field.  Atrazine was applied to soil columns with switchgrass that had been established for 
three years and the fate was monitored.  At the end of 21 days, soil and above-ground plant 
biomass were evaluated for quantification and identification of atrazine and chlorinated 
metabolites (Figure 1).     
 
MATERIALS AND METHODS  
Experimental Design 
 Twenty-seven columns were constructed from PVC pipe (76 cm x 20 cm) and placed 
in a greenhouse.  Each column was filled with soil collected from an agricultural field in 
Clarke County, Iowa.  Switchgrass seeds (Cave-in-rock variety) were planted in each column 
in the fall of 2006 with approximately 10 plants per cm2 of the soil surface.  Switchgrass 
plants were allowed to senesce over winter under winter greenhouse conditions (4.5±2°C, 16 
h light:8 h dark schedule).  Greenhouse temperatures were changed to simulate fall and 
spring.  In the summer, greenhouse conditions for other periods of the experiment were 
27±2°C, 16 h light:8 h dark schedule.  Prior to application of atrazine, the switchgrass plants 
were grown for a period of 30 months.  On Days 0, 3, and 6, artificially-created agricultural 
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runoff containing 16 µg/mL of atrazine, was applied and allowed to permeate entire columns, 
in an effort to expose all of the below ground plant mass to atrazine.  The artificially-created 
runoff solution was made by mixing 2,391 mL of water with 39 mL of a 1000 µg/mL 
atrazine solution (in acetone) which made the final theoretical concentration of atrazine 
delivered to each column 1.3 µg of atrazine per gram of soil, assuming the water permeated 
the entire column.  The spiking solution was applied uniformly over the soil surface of the 
column, ensuring that the solution was not poured on the above-ground switchgrass.  The 
total amount of artificially-created runoff was pre-determined by measuring the water-
holding capacity of the soil in each column.  Therefore, none of the “runoff” water leached 
out of the bottom, thus ensuring that all of the atrazine was only coming in contact with the 
soil and root system of the switchgrass plants.                   
 In an attempt to effectively monitor levels of atrazine and its possible metabolites, 
extractions of both the above-ground plant biomass and the soil were made on specific days.  
Samples were taken and extractions were made for two days after each of the artificially-
created runoff events:  Days 1 and 2, Days 4 and 5, and Days 7 and 8.  Additional extractions 
were made on Days 11, 14, and 21.  Extractions were also made on Day 0 immediately after 
application of the first artificially-created runoff. 
Extraction of above-ground plant biomass  
 On each extraction day, three randomly assigned columns were used for extraction 
samples.  Above-ground switchgrass biomass was cut from its base, and three 10-g samples 
were used for extraction.  Each 10-g sample was rinsed with water, weighed out, and then cut 
into pieces that were approximately 2.5 cm in length.  Each sample was placed in a mortar 
and ground in 60 mL of ethyl acetate with a pestle for 10 minutes.  The solvent was decanted 
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off through a filter containing 15 g of anhydrous granular sodium sulfate to absorb any water 
contained in the extract.  The above extraction procedure was repeated for a total of three 
times.   
Extraction of soil  
 Two 20-g samples of soil were collected from each column per extraction day.  Soil 
was collected with a spatula and placed into French square bottles, with both root and organic 
debris carefully removed from each soil sample.  The soil was collected from the top 15 cm 
of the column.  Each French square bottle with a soil sample was filled with 60 mL of ethyl 
acetate and was mechanically shaken horizontally at 300 rpm’s for 20 minutes.  The excess 
ethyl acetate was decanted off into a paper filter with 15-g of anhydrous granular sodium 
sulfate.  This procedure was repeated for a total of three times.   
Concentration of extracts from switchgrass and sand samples 
Solvent extractions for both types of samples were then placed in a turbovap 
evaporator.  Samples were dried down with nitrogen to a final volume of one mL.  The 
extract was then pipetted into a syringe with a 0.45-µm micropore filter attached.  The tube 
originally containing the extract was subsequently rinsed with ethyl acetate, and the rinsate 
was also placed into the syringe.  The extract was passed through the filter into a volumetric 
flask for a final volume of 5 mL.  Two mL of that solution was then pipetted into a gas 
chromatograph (GC) vial, and kept at -20°C until analysis. 
Analysis for atrazine and metabolites 
 Extracts for both above-ground plant biomass and soil were analyzed on a Varian 
3400 GC equipped with a Varian 8100 auto sampler and a thermionic specific detector (TSD) 
which detects organic nitrogen and phosphorus compounds.  The column was a DB5 (5% 
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phenyl-methylpolysiloxane nonpolar stationary phase), 0.25-µm film thickness, 30-m in 
length, 0.25-mm ID (J&W Scientific).  GC operating conditions were as follows:  oven 
parameters, 80°C held for 2 min, increased at 8°C/min to 190°C held for 4 min, increased at 
6.5°C/min to 230°C held for 0.25 min; inlet, splitless mode, 220°C; carrier gas, ultrahigh 
purity helium, flow 30 mL/min; detector, 300°C, hydrogen flow 4.25 mL/min, air flow 175 
mL/min.  The retention times for the ethyl acetate solvent, didealkylatrazine (DDA), 
deisopropylatrazine (DIA), deethylatrazine (DEA), and atrazine (ATR) were 2.92, 18.8, 20.2, 
20.7, and 22.4 minutes, respectively.  Peak areas were integrated using Peak Simple [21]. 
Statistical Analysis 
 All reported statistical differences were assessed using paired t-tests (two-sided) and 
concentrations of various analytes were compared within each day.  Means are expressed 
with standard error.  Each test performed utilized 3 degrees of freedom (6 degrees of freedom 
for soil samples) and tested the null hypothesis that the difference between treatments was 
equal to zero.  Statistical calculations were performed using SAS [22].    
 
RESULTS 
Atrazine residues in soil 
 Levels of atrazine were assessed over the course of the 21-day experiment in both soil 
and above-ground plant material.  Extraction of soil on Day 0, after the first simulated runoff 
event, yielded an atrazine concentration of 3.85 ± 0.21 µg/g of soil.  Extraction of soil from 
Day 1 yielded an atrazine concentration of 15.9 ± 0.06 µg/g of soil.  Extraction of the soil 
occurred 24 hours after each of the following simulated runoff events and was recorded to be 
23.5 ± 0.22 µg/g and 38.9 ± 0.19 µg/g of soil on Days 4 and 7, respectively.  After the final 
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simulated runoff event, levels of atrazine plummeted to 13.6 ± 4.0 µg/g of soil by Day 11 and 
were not detected in the soil by the final day of the experiment (Day 21). 
Atrazine residues in leaf material 
 Uptake of atrazine into above-ground leaf material could be seen beginning on Day 2 
with the concentration reaching 4.43 ± 1.67 µg/g of leaf tissue.  Concentration of atrazine in 
above-ground plant material rose steadily to 7.91 ± 5.81 µg/g of leaf tissue by Day 4, but 
become non-detectable by Day 8 onward to the end of the experiment.  Figure 2 shows a 
comparison between concentrations of atrazine in both soil and leaf tissue.  Table 1 lists 
concentration of atrazine with their standard error observed in both soil and leaf tissue.  
Metabolite residues in soil 
 The concentration of DEA reached 0.80 ± 0.41 µg/g of soil on Day 5, though it was 
not significantly different than DIA and DDA concentrations which were below levels of 
quantification.  However, on Days 8 and 11, the concentration of DEA reached 1.43 ± 0.13 
µg/g and 0.99 ± 0.16 µg/g of soil, respectively.  These concentrations were significantly 
different from concentrations of DIA and DDA, which were still undetectable.  Levels of 
DEA continued to decline until the end of the experiment when none was detectable in the 
soil.  Concentrations of DDA were non-detectable throughout the experiment except for in 
one case of a soil sample.  On Day 14, in a single extraction (of 3 total), the concentration of 
DDA was recorded to be 5.64 ± 5.64 µg/g of soil.  As indicated by the standard error 
however, this value was not statistically different from other metabolite concentrations on 
Day 14.  The concentrations of DIA found in the soil remained non-detectable for the entire 
experiment.  Figure 3 shows a comparison between concentrations of metabolites in soil on 
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each day an extraction was taken.  Table 2 lists the concentration of metabolites with their 
standard error observed in soil. 
Metabolite residues in leaf material 
 The concentration of DEA reached 0.18 ± 0.18 µg/g of leaf tissue on Day 4, though 
was not significantly different than either DIA or DDA concentrations which were non-
detectable.  Levels of DEA were recorded above 0 on Days 7 and 14, both of which however 
were not statistically different from them being below the limits of detection.  Concentrations 
of DIA remained non-detectable throughout the experiment except for Day 14 where it was 
recorded at 0.13 ± 0.13 µg/g of leaf tissue.  However, as indicated by the standard error, this 
value was also not statistically different from 0.  There were two instances over the course of 
the experiment where the concentration of DDA was found to be significant.  Days 7 and 14 
showed the concentration of DDA to be 0.77 ± 0.25 µg/g and 1.48 ± 0.50 µg/g of leaf tissue, 
respectively.  Figure 4 shows a comparison between concentrations of metabolites in leaf 
material on each day an extraction was taken.  Table 3 lists the concentration of metabolites 
with their standard error observed in leaf material.                  
 
DISCUSSION 
 
Atrazine residues in soil 
 The concentration of atrazine found in the soil rose after each simulated runoff event.  
The atrazine that was applied probably was not evenly distributed throughout the soil before 
a sample for extraction was taken.  It appears as though once the first simulated runoff event 
was administered, a significant amount of the atrazine concentrated within the top 15 cm of 
the soil, from which the soil extractions were taken.  Indication that atrazine became more 
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and more concentrated after each simulated runoff event is evidenced by the increasing 
concentrations found after each simulated runoff event.  Atrazine levels in the soil fell 
approximately 4.6 µg/g of soil between Days 1 and 2.  The reason for this sharp decline can 
be attributed to plant uptake, as the concentration of atrazine found in leaf material on Day 2 
was recorded at 4.43 ± 1.67 µg/g of leaf tissue; degradation of atrazine likely also occurred 
due to microorganisms in the rhizosphere.  After the third simulated runoff event, atrazine 
levels in the soil peaked at 38.9 ± 0.19 µg/g of soil on Day 7.  By Day 11 however, atrazine 
fell to a concentration of 13.6 ± 4.04 µg/g of soil, a difference of more than 25 µg/g.  This 
decline in atrazine in the soil was attributed to two factors:  metabolism of atrazine by soil 
microbes and uptake of atrazine into the plant.  Since atrazine levels in the plant peaked on 
Day 4 and subsequently fell to levels that were undetectable for the rest of the experiment, 
much of the decrease in the amount of atrazine in the soil can probably be attributed to 
metabolism by microbes in the soil.   
Atrazine residues in leaf material 
 Over the course of this experiment, switchgrass was shown to be capable of taking up 
atrazine.  A number of experiments have shown that various other plants are able to take up 
atrazine.  It has been observed in pea plants, corn, soybeans, cotton, and poplar trees [23, 24, 
25, 26].  48 hours after the first simulated runoff event, atrazine could be found in the leaf 
tissue at a concentration of 4.43 ± 1.68 µg/g of leaf tissue.  This amount had almost doubled 
by 24 hours after the second simulated runoff event.  Levels of atrazine found in the plant 
however began to decline to non-detectable levels by Day 8 onwards to the end of the 
experiment.  Even after the third simulated runoff event, levels of atrazine in the plant 
continued to decline.  The fact that there was an ample amount of atrazine available in the 
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system that could potentially be taken up by switchgrass but was not, suggests that there may 
be a threshold concerning the amount of contaminant that switchgrass is able to take up.  
This kind of threshold has been observed previously in the roots of Typha domingensis.  In 
an experiment performed by Cejudo-Espinosa et al., root systems of Typha domingensis were 
shown to take up similar amounts of atrazine when exposed to concentrations of both 17 and 
30 mg/L [27].  It could also be possible that the atrazine uptake induced detoxification 
enzymes in the grass, which may have enhanced the rate of atrazine biotransformation in the 
plant. 
Metabolite residues in soil 
 Levels of DEA in soil began to appear as soon as Day 5 at a concentration of 0.80 ± 
0.41 µg/g of soil.  The concentration increased to 1.50 ± 0.85 µg/g of soil on Day 7.  
However it is important to note that, due to variability, the values of DEA on these two days 
were not significantly different from 0 µg/g of soil.  Levels of DEA were significantly 
different from 0 on Days 8 and 11 though, peaking at 1.43 ± 0.13 µg/g of soil on Day 8.  
DEA levels declined for the remainder of the experiment and remained at statistically 
insignificant concentrations.  Another metabolite, DDA, appeared at a concentration of 5.64 
± 5.64 µg/g of soil.  As mentioned previously, this concentration was also deemed 
insignificant as indicated by the standard error.  The four values of metabolites that were 
deemed statistically insignificant were the result of high variability.  A possible way to 
correct for this variability in the future would be to have more replications to make sure that 
the values observed are not just anomalies. 
 The metabolite DIA, which can be formed by a deisopropyl reaction, was not 
detected in the soil over the course of the experiment.  The formation of DEA from atrazine 
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can be attributed to a deethylation reaction.  This deethylation reaction, as opposed to a 
deisopropyl reaction, has been shown to be preferred in other studies.  According to study by 
Mills et al., there is a preferential removal of ATR’s ethyl side chain in soils as opposed to 
removal of the isopropyl group.  They went on to hypothesize that these deethylation 
reactions proceeded at two to three times the speed compared to deisopropylation reactions.  
Subsequently, they predicted that production of DIA may be slow, but its conversion to DDA 
could be much quicker [28].   
Metabolite residues in plant material 
    Concentrations of DEA found in leaf material were recorded at levels other than 0 
µg/g of leaf tissue on Days 4, 7, and 14.  These concentrations however were not 
significantly different from 0.  On each of these days, DEA was only detected in one of the 
total six columns that were extracted.  As mentioned earlier, it would be appropriate to run 
this experiment again using more replications for each day to minimize possible anomalous 
results.  If the concentration of DEA were significant however, it would be worth noting that 
its appearance on Day 4 was before it appeared in soil.  This could contribute to the theory 
that switchgrass is capable of degrading atrazine on its own without the aid of microbes 
located in soil.  Despite this, and the fact that DEA was not significant in the leaf material, 
this question was beyond the scope of this experiment as it was not designed to illicit the leaf 
material’s ability to degrade atrazine. 
 Presence of DDA in the plant appeared in significant concentrations within the plant 
on Days 7 and 14.  As these concentrations were significant, the fact that DDA appeared on 
Day 7 could possibly indicate that switchgrass is capable of degrading atrazine on its own 
utilizing two dealkylization reactions.  Again, this experiment was not designed to investigate 
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this question, but could serve as further support of studies where switchgrass’ metabolic 
capacity in regards to atrazine is being investigated.  In the studies mentioned above where 
atrazine was found to be taken up by other plants, they also showed the capability of 
degrading atrazine into its metabolites [23, 24, 25, 26].  The concentration of DIA remained 
undetectable for the duration of the experiment except for Day 14.  This concentration 
however was not significantly different from 0. 
 Atrazine has also been shown to be detoxified to another metabolite, hydroxyatrazine 
(HYA).  HYA is formed when the chlorine of atrazine is replaced by a hydroxyl group.  The 
formation of this product has been observed in many other experiments where the 
detoxification of atrazine has been studied [19, 20, 23].  In this experiment, however, we 
were concerned with the chlorinated metabolites of atrazine, and thus the presence of HYA 
was not determined in our study.   
Conclusions 
 It is clear from the data presented that under phytoremediation conditions containing 
switchgrass that atrazine is capable of being detoxified into metabolites and is completely 
absent from the system after 21 days.  It is also important to note that none of the chlorinated 
metabolites could be detected by the end of the experiment, suggesting that they had been 
detoxified beyond the compounds of interest in this study.  While levels of DEA were not 
found to be significant in leaf material, it appears that a simple deethylation reaction 
involving the removal of the ethyl group was preferred overall, as levels of DIA were almost 
non-existent.  Significant levels of DDA found in leaf material but not in the soil provide 
evidence in support of plant enzymes being able to degrade atrazine without the aid of soil 
microbes.  Also, it appears that switchgrass may have a limited capacity with regard to how 
68 
 
much atrazine it can take up into its above ground biomass, for example, in the worst-case 
scenario presented here.  The rapid decline in the plants and the soil could also be due to 
some induction of detoxification enzymes in the plant or a selection for atrazine-degrading 
microorganisms in the soil.  In addition, it is also possible that the high concentrations of 
atrazine may have been toxic to plant and subsequently affected transpiration and uptake.    
 In many instances in this experiment, levels of metabolites in both soil and leaf 
material were only recorded in one of the three replicate extractions that were made from 
each system.  If future studies are performed under the conditions described here, we suggest 
that more replications are run to reduce variability in the data.  We also suggest that 
radiolabeled atrazine be used, as it would be easier to track in a phytoremediation setting.  
Despite these shortcomings, we feel that this study supports taking these questions to a larger 
field study where switchgrass is used to investigate its remediation capacity in an actual 
agricultural setting where atrazine is used on a regular basis to control broadleaf and grassy 
weeds.       
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Figure 2.  Concentration of atrazine (in µg/g of soil and leaf material) based on the dry 
weight of soil and leaf material.   
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 Figure 3.  Concentration of three metabolites (in µg/g of soil) based on the dry weight of 
soil.   
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Figure 4.  Concentration of three metabolites (in µg/g of leaf material) based on the dry 
weight of leaf material.   
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TABLES 
 
Table 1.  Levels of atrazine in µg/g of soil and leaf material.  
 
 
Concentration (µg/g equivalents)a of atrazine ± seb 
Soil Leaf 
Day 0 3.85 ± 0.21 nd 
Day 1 15.85 ± 0.06 nd 
Day 2 11.2 ± 0.79 4.43 ± 1.68 
Day 4 23.5 ± 0.12 7.91 ± 5.81 
Day 5 23.0 ± 0.12 7.10 ± 1.43 
Day 7 38.9 ± 0.19 2.75 ± 0.65 
Day 8 38.9 ± 0.12 nd 
Day 11 13.6 ± 4.04 nd 
Day 14 10.2 ± 3.56 nd 
Day 21 nd 0.03 ± 0.02 
a
µg/g equivalents based on dry wt. of soil and leaf material, respectively 
bAbbreviation:  se = standard error.  
ndNon-detectable concentration 
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Table 2.  Levels of metabolites in µg/g of soil.  
 
 
Concentration (µg/g equivalents)a of metabolites in soil ± seb 
DEA DIA DDA 
Day 0 nd nd nd 
Day 1 nd nd nd 
Day 2 nd nd nd 
Day 4 nd nd nd 
Day 5 0.80 ± 0.41 nd nd 
Day 7 1.50 ± 0.85 nd nd 
Day 8 1.42 ± 0.13 nd nd 
Day 11 0.99 ± 0.15 nd nd 
Day 14 0.74 ± 0.40 nd 5.64 ± 5.64 
Day 21 nd nd nd 
a
µg/g equivalents based on dry wt. of soil 
bAbbreviation:  se = standard error.  
ndNon-detectable concentration 
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Table 3.  Levels of metabolites in µg/g of leaf material.  
 
 
Concentration (µg/g equivalents)a of metabolites in leaf ± seb 
DEA DIA DDA 
Day 0 nd nd nd 
Day 1 nd nd nd 
Day 2 nd nd nd 
Day 4 0.18 ± 0.18 nd nd 
Day 5 nd nd nd 
Day 7 0.18 ± 0.18 nd 0.77 ± 0.24 
Day 8 nd nd 0.29 ± 0.29 
Day 11 nd nd 0.27 ± 0.27 
Day 14 0.16 ±0.16 0.13 ± 0.13 1.48 ± 0.50 
Day 21 nd nd nd 
a
µg/g equivalents based on dry wt. of leaf material 
bAbbreviation:  se = standard error.  
ndNon-detectable concentration 
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CHAPTER 4.  GENERAL CONCLUSIONS 
 
 Both studies presented here resulted in data important for understanding the 
phytoremediation of atrazine in both a laboratory experiment and a greenhouse setting.  In 
accordance with the objectives, above-ground switchgrass material proved successful in 
degrading atrazine, and the simulated runoff study showed that phytoremediation using 
switchgrass has the potential to be used in field settings where atrazine is typically used to 
eradicate broadleaf and grassy weeds.   
 In the laboratory study (Chapter 2), the major chlorinated metabolites detected were 
deethylatrazine and didealkylatrazine.  It was established in this study that with the 
eradication of microbes present in a soil medium, switchgrass is fully capable of taking up 
and degrading atrazine.  This study also showed that atrazine is susceptible to being 
detoxified by microbes as well as chemical processes in the soil.  Levels of atrazine and 
metabolites were measured at higher concentrations in the root when compared to above-
ground leaf material.  Atrazine and metabolite levels in the leaf material in both autoclaved 
and non-autoclaved treatments did not show a difference, confirming that the microbes found 
in a pure-sand medium did not have an effect on the ability of switchgrass to take up and 
degrade atrazine.   
 In the greenhouse study (Chapter 3), again, the major metabolites detected were 
deethylatrazine and didealkylatrazine.  It was established in this study that phytoremediation 
systems utilizing switchgrass are fully capable of degrading atrazine beyond its chlorinated 
metabolites within a 21-day period.  It was noted that even though not all concentrations of 
deethylatrazine were deemed significant, this metabolite dominated when compared to 
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deisopropylatrazine, suggesting that a deethylation reaction predominates over a deisopropyl 
reaction.  The presence of metabolites detected in the soil and leaf material suggests that 
switchgrass is capable of degrading atrazine on its own even though this study was not 
designed to answer this question, and no definitive conclusions can be drawn concerning this 
aspect.  The most interesting conclusion drawn from this study was that switchgrass appears 
to have a threshold concerning how much atrazine it takes up.  This was evidenced in this 
worst-case scenario study when the concentration of atrazine found in the leaf peaked before 
the final addition of atrazine to the system.  It is also possible that an equilibrium is reached, 
for example, if the uptake of atrazine is a passive/diffusion process, or that detoxification 
enzymes are induced and rapidly degrade it, or that toxicity to the plants may have slowed 
transpiration and uptake.   
 The data presented in this thesis will be valuable not only for future studies evaluating 
and improving phytoremediation, but also for studies related to the fate of these herbicides in 
grassed systems including vegetative filter strips.  In fact, it is the intention of my current 
laboratory to conduct a large-scale field study taking what we have learned about 
phytoremediation and applying it to a field site, where atrazine is being used in an 
agricultural setting.  By better understanding the mechanisms of phytoremediation, we may 
be able to improve on the process, and hopefully exploit these findings in larger agricultural 
settings where native prairie grass phytoremediation can provide beneficial ecological 
services for the environment.   
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